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A B S T R A C T   
Difficulties in efficient utilization of seasonal precipitation cause limitations in yields and even total crop failure 
on rainfed farms in semi-arid East Africa. The objective of the present study was to find out if covering the soil 
with plant residue mulch at a semi-arid site could retain water in the soil between precipitation events and build 
dry spell resilience by reducing soil water evaporation and increasing infiltration to deeper soil. Covering soil 
with plant residue mulch was studied at a smallholder farm in semi-arid Kenya by continuously measuring 
volumetric soil moisture content with soil sensors at multiple depths in bare soil and in maize (Zea mays L.) plant 
residue mulched soil. A physically based one-dimensional soil moisture model was calibrated and used to esti-
mate the effect of plant residue mulch on soil moisture over a two-year period (multiple growing seasons). The 
modelled multiyear time series provides an estimate of the effect residue mulches of different thicknesses have on 
soil moisture over time. The simple soil moisture model was able to estimate soil moisture in the effective root 
zone of maize. By comparing measured data from mulched and uncovered soil and by model prediction, it was 
demonstrated that maize residue mulch conserved soil moisture over time in the effective root zone of maize 
compared to bare soil. During the two-year period mulching increased the total amount of days when measured 
relative soil moisture (s) exceeded water stress limit of maize (s*) by 24%–46%. Moisture accumulated in the 
mulched profile, especially in the deeper layers of the effective root zone. Calculations indicated that further 
increasing mulch thickness (δm) from 1 to 3 cm would have increased the total days when s > s* 59%. 
Furthermore, increasing δm from 3 to 5 cm would have resulted in 25% increase in total days when s > s*. 
According to our calculations mulching (δm > 1 cm) could have maintained s > s* throughout a 19 days dry spell 
that occurred during the measurement period. The demonstrated moisture conserving effect of mulch increases 
with δm, but availability of plant residue may set limits on mulch application rates. The results suggest that maize 
residue mulching is as an accessible and feasible method for conserving soil moisture in the effective root zone in 
dryland smallholder systems in East Africa.   
1. Introduction 
In sub-Saharan Africa the staple food crop maize (Zea mays L.) is 
mostly grown in smallholder farming systems under rainfed conditions 
with limited input resources (Cairns et al., 2013). Smallholder farms 
constitute approximately 80% of all farms in Sub-Saharan Africa (AGRA, 
2014). Crop yields are strongly linked to plant available water in the 
soil. The amount of water available for crop production strongly de-
pends on the rainy season’s precipitation amount and its temporal 
distribution. 
Difficulties in efficient utilization of seasonal precipitation cause 
limitations in yields and even total crop failure at rainfed farms in semi- 
arid East Africa. The total amount of growing season precipitation may 
be enough for growing crops but sporadic temporal distribution limits 
crop growth and may lead to crop failure (Licker et al., 2010; Ngetich 
et al., 2014b). Short-duration high intensity rains are common and it has 
been estimated that 40–75% of the precipitation at farmer’s fields in 
sub-Saharan drylands are lost as unproductive flows in the water bal-
ance, such as runoff and soil water evaporation (Rockström and Fal-
kenmark, 2000). For example at a site at Machakos, Kenya, most 
growing seasons from 1977 to 1998, had at least 100 mm of precipita-
tion that was not utilized for crop growth (Barron et al., 2003). Pre-
cipitation frequencies during the rainy seasons are often erratic and are 
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predicted to become even more variable (Schewe et al., 2014). Dry spells 
occur almost every season in semi-arid tropical farming systems in East 
Africa (Barron et al., 2003; Mahoo et al., 1999; Sharma, 1996). Dry 
spells during the rainy seasons may seriously decrease the crop yield if 
occurring during a critical growth stage (Ngigi et al., 2005; Rockström, 
2003; Rockström and de Rouw, 1997). The magnitude of the effect of the 
dry spells on the crop yield depends highly on soil water storage ca-
pacity. The negative effect is more immediate with sandy soils with 
lower water holding capacity, opposed to clay soils that have higher 
water holding capacity (Barron et al., 2003). 
Mulching or covering the soil surface with plastic, manure, gravel, 
rocks, concrete or as in this study with plant residue, targets mainly to 
reduce evaporation and erosion, improve soil temperature conditions, 
and to suppress weeds (Gan et al., 2013). Mulch is typically added to the 
soil surface before, during or shortly after sowing (Gan et al., 2013). In 
conventional tillage systems, the ploughed soil is left bare after planting 
and remains bare until the crop canopy shades the soil surface. 
Ploughing is justified for efficient weed control and it prepares the soil 
for sowing and planting (Jin et al., 2007). Ploughing however, enhances 
soil water evaporation through enhanced vapor flow from soil surface 
and more efficient radiation absorbance due to reduced albedo 
(Schwartz et al., 2010). Mulching retains soil moisture by decreasing soil 
water evaporation and increasing infiltration. Mulching with plant res-
idues enhances the formation of a thin air-dry laminar layer on the top of 
bare soil, which hinders turbulent vapor exchange between the soil and 
atmosphere (Fuchs and Hadas, 2011; Hillel, 1975) and vapor is instead 
transported by diffusion through the laminar layer. Plant residue mulch 
layer also inhibits capillary rise from the soil (Mellouli et al., 2000; Peng 
et al., 2015) to the evaporative surface and thus restrains soil water 
evaporation. Plant residue mulch may also decrease heat flux into the 
soil and lower soil temperature below the mulch (Peng et al., 2015; Sui 
et al., 1992) by reducing the solar radiation interception of soil. 
Long-term mulch treatments also increase soil porosity, water holding 
capacity and aggregate stability (Mulumba and Lal, 2008). 
The effects of mulching are weather dependent: during a rainy year 
the effects of plant residue mulch may not be significant compared to 
non-mulched soil, but during average years significant increases in 
yields and soil water conditions have been observed (Peng et al., 2015). 
Whole year (growth period and fallow) mulch treatments have shown 
greater improvements than sole growth period mulch treatments, 
particularly high (6 t ha− 1 and 9 t ha− 1) mulching rate treatments (Peng 
et al., 2015). 
Previous studies have indicated that mulching with plant residue in 
semi-arid conditions reduced runoff, sediment loss and nutrient loss 
(Ngetich et al., 2014a), increased maize yields (Lal, 1995; Okeyo et al., 
2014), winter wheat yields (Peng et al., 2015), improved soil water 
conditions (Peng et al., 2015), and crop water use efficiency (Deng et al., 
2006; Peng et al., 2015). However, non-significant effects on maize 
yields (Ngetich et al., 2014a) and other crop yields (Balwinder-Singh 
et al., 2011; Edwards et al., 2000; Peng et al., 2015), and also opposing 
findings indicating that mulching suppresses maize yields (Ngetich 
et al., 2014a) and other crop yields (Cook et al., 2006) have been re-
ported. Negative yield responses due to plant residue mulching are 
suggested to be due to nitrogen immobilization (Beyer et al., 1998) and 
decreased soil temperatures. Increasing amounts of mulch reduce soil 
temperature (Cook et al., 2006; Wicks et al., 1994), that may retard early 
maize growth (Wicks et al., 1994). Reduction in yield due to decreased 
temperatures is unlikely to occur at semi-arid East African sites where 
temperature fluctuations are small and soil temperature is not a limiting 
factor at the beginning of the growing season as it would be in locations 
with temperate climates. Also, in more humid climates plant residue 
mulch has been concluded not to “save water”, because crops compen-
sate for the reduced soil water evaporation by increasing the transpi-
ration rate (Balwinder-Singh et al., 2011; Deng et al., 2006) and thus 
resulting in reduced transpiration efficiency . However, at dry semi-arid 
sites evapotranspiration (ET) is comparable to precipitation (P) and thus 
Nomenclature 
Latin symbols 
a Dimensionless measure of the pore size distribution 
b Dimensionless measure of the pore size distribution 
As Characteristic soil surface area 
C Soil water capacity 
ca Water concentration in ambient air 
cs Water concentration in air at soil surface 
cl Soil clay content 
d Wind zero-plane displacement parameter 
D Diffusion coefficient of water in air 
ET Evapotranspiration 
h Soil water pressure head 
hw Target height for wind extrapolation 
k Mass transfer coefficient 
K Unsaturated soil hydraulic conductivity 
Ksat Saturated soil hydraulic conductivity 
km Vapor mass transfer coefficient through mulch 
ks Vapor mass transfer coefficient from bare soil surface to air 
Ls Characteristic length of evaporative surface 
mw Mass of water 
n Soil porosity 
Nu Nusselt’s number 
P Precipitation 
Pr Prandtl number 
PSD Praticle size distribution 
q Flow through a porous medium 
Re Reynold’s number 
RH Relative humidity 
s Relative soil moisture 
s* Water stress limit of maize 
Sa Water extraction rate by plant roots 
Se Soil relative saturation rate 
sa Soil sand content 
Sh Sherwood’s number 
t Time 
Tair Air temperature 
Ts Soil temperature 
u Fluid velocity 
u* Wind friction velocity 
xa Absolute humidity of air in ambient air 
xs Absolute humidity of air at soil surface 
z Vertical coordinate 
zm Momentum roughness parameter 
zw Wind measurement height 
Greek symbols 
α Inverse of the soil air entry suction 
γ Ratio of precipitation entering the soil 
δm Mulch layer thickness 
θ Soil volumetric water content 
θs Saturated soil volumetric water content 
θr Residual soil volumetric water content 
λ Dimensionless shape parameter which depends on ∂K/∂h 
ν Kinematic viscosity of the fluid 
ρa Density of air 
ψ Soil water potential  
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mulching may increase yield. 
Our hypothesis is that covering the soil with plant residue mulch at a 
semi-arid site could retain water in the soil between precipitation events 
and build dry spell resilience by reducing soil water evaporation and 
increasing infiltration to deeper soil layers from where it would be 
available for plant use in later development phases when plant roots 
penetrate deeper into the soil. 
We addressed the hypothesis by studying maize residue mulching at 
a smallholder farm in semi-arid Kenya by continuously measuring soil 
moisture at multiple depths in uncovered bare soil and in maize plant 
residue mulched soil. The measurements were used to calibrate a 
physically based one-dimensional soil moisture model that was used to 
estimate the effect of maize mulch on soil moisture over a two-year 
period (multiple growing seasons). The modelled multiyear time series 
provides an estimate of the effect of maize residue mulches of different 
thicknesses on soil moisture over time. 
2. Materials and methods 
2.1. Measurement site 
The studied site is located in Maktau, Kenya (3◦ 25′33 S, 38◦ 8′22 E, 
1060 m above sea level). The site has bi-modal rainfall and experiences a 
rainy season from early November to the end of December called short 
rains, and another from March to June called long rains, while the hot 
and dry season occurs from January to February, and dry and cool 
season between June and October. The intra-year temperature variation 
is small and reference evapotranspiration (ET0) (Allen et al., 1998) over 
time is dependent and almost equal to measured P (Fig. A1 and 
Table A1). 
The measurements were performed at a smallholder farm in bare soil 
at the edge of a field with maize as the main crop. There was no notable 
vegetation on the surface of the soil during the experiment, but some 
minor herbaceous vegetation grew on the measurement profiles during 
the experimental period. The natural vegetation next to the field can be 
characterized as Acacia-Commiphora tree savanna with Vachellia tortilis 
(Forssk.) Galasso & Banfi and Commiphora baluensis Engl. as typical tree 
species (Pellikka et al., 2013). The soil type of the region has been 
considered Ferrasols (Wachiye et al., 2020). According to particle size 
distribution (PSD) analysis the soil at the site is sandy clay loam (USDA, 
1987). 
2.2. Continuous measurements 
Soil volumetric water content (θ), soil water potential (ψ) and soil 
temperature (Ts) were measured at multiple depths as vertical profiles 
(Table 1) during a two-year period (730 days) between 28/02/ 
2016–26/02/2018. There was no crop cultivation on the measured soil 
profiles. 
In this study we address four different vertical continuous mea-
surement profiles (Table 1). One of the profiles was mulch covered (Mu) 
and the other three soil profiles were non-mulched (NoMu1, NoMu2 and 
NoMu3). We consider the measured vertical soil profile (0–50 cm) to 
cover more than the effective rooting depth at the study site (Jackson 
et al., 1996; Chikowo et al., 2003; Nyakudya and Stroosnijder, 2014). 
We assessed θ data measured in Mu, NoMu1 and NoMu2. Soil water 
retention curves were fitted using ψ data measured in NoMu3. 
The θ and Ts sensors at NoMu2 were installed 23 August 2014. The ψ 
and Ts sensors at NoMu2 and NoMu3 were installed 30/10/2016. Sen-
sors of Mu and NoMu1 were installed 13/02/2016. For Mu and NoMu1 
profiles θ and Ts were measured with soil sensors (5TM, Decagon De-
vices Inc.) at five different depths (Table 1). Data of both vertical profiles 
were stored on data loggers (EM50, Decagon Devices Inc.) with 20-min-
ute interval. The datasets from Mu and NoMu1 were interpolated from 
20 to 30-minute timestep to match the timestep of the weather station 
(30 min). θ and Ts in NoMu2 were measured with soil water content 
reflectometers (CS650, Campbell Scientific Inc.) and ψ and Ts at NoMu2 
and NoMu3 were measured with Dielectric water potential sensors 
(MPS-6, Decagon Devices Inc.) Sensors of the vertical measurement 
profiles NoMu2 and NoMu3 were connected to the automatic weather 
station’s (AWS) datalogger (CR1000, Campbell Sci.). 
The mulch in Mu consisted of maize plant residue available at the 
field and was 1 cm thick corresponding to a mulching rate of 5 t ha− 1 
(mulch density 50 kg m-3). The mulch was decomposed naturally (Fig. 1) 
Fig. 1. Photographs of Mulch (a) and No Mulch (b) soil surfaces established in February 2016. The plant residue mulch on the Mulch surface was decomposed by 26/ 
05/2016 (c). Photographs by Juuso Tuure and Mwadime Mjomba. 
Table 1 
Measurement profiles and measured parameters soil volumetric water content 
(θ), soil temperature (Ts) and soil water potential (ψ). Mu = Mulched, NoMu =
non mulched.  
Soil profile Mu NoMu1 NoMu2 NoMu3 











5, 10, 20, 30, 
50 
5, 10, 20, 30, 
50 
10, 30, 50 10, 30, 50 
Measured 
attributes 
θ, Ts θ, Ts θ, ψ, Ts θ, ψ, Ts 
Sensors 5TM 5TM CS650, MPS-6 CS650, 
MPS-6 















a The soil was initially bare, but minor herbaceous vegetation grew on the soil 
surface during the measurement period. 
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and additional mulch was not added during the experiment. Measure-
ment data was acquired during 28/02/2016–26/02/2018 (730 days). 
The mulched period covered 28/02/2016–06/06/2016 (100 days). 
All the measured vertical profiles were installed within a 2-meter 
radius at the same field. The measurements of Mu and NoMu1 were 
carried out in bare soil next to a maize field (Fig. 1). That is, otherwise 
the same conditions as in the field but excluding water uptake by plants. 
This simplification was done because bare soil can be assumed to be 
homogeneous and thus data interpretation can be done in one dimen-
sion, while vegetation covered soil would make water uptake and data 
interpretation three-dimensional. Soil moisture sensors are not neces-
sarily very accurate with absolute water balance in mind, if the water 
intake is considered in three dimensions. NoMu2 had minor herbaceous 
vegetation in the beginning of the experiment Mu and NoMu2 were 
initially bare, but some minor herbaceous vegetation grew on the soil 
over time. NoMu3 were installed in the maize field and had maize 
growing during the growing seasons. ψ data from NoMu3 was used for 
fitting the soil water retention curve. 
AWS at the site has been running since 08/2014, and is currently the 
only AWS near the study area. It was setup by Climate change impacts on 
ecosystem services and food security in Eastern Africa project (CHIESA) 
and is managed by Taita Research Station of the University of Helsinki. 
AWS data at the experimental field were stored on a data logger 
(CR1000, Campbell Sci.), acquired once per minute and stored as 30- 
minute means. AWS sensors measured air temperature (Tair) and air 
relative humidity (RH) (CS215, Campbell Sci.) 1 m above the ground. 
Precipitation (P) was measured with a rain gauge (ARG100, Campbell 
Sci.) placed 1.5 m above the ground. Wind speed (u) and direction were 
measured using a wind monitor (WMS 05103, Campbell Sci.) placed 2 m 
above the ground. 
2.3. Soil moisture model description and parameters 
The physically based model for one-dimensional vertical flow applies 
Darcy’s equation for flow (q) through a porous medium: 
q = − K(h)
∂(h + z)
∂z (1)  
Where K (cm d− 1) is the hydraulic conductivity, h (cm) is the soil water 
pressure head and z (cm) is the vertical coordinate. Continuity equation 




∂z − Sa(h) (2)  
Where θ is the soil water volumetric content (cm3 cm− 3), t is time (d) and 
Sa is soil water extraction rate by plant roots (cm3 cm− 3 d-1). 
Combining Eqs. (1) and (2) results in widely used Richard’s equation, 












∂z − Sa(h) (3)  
Where C (cm− 1) is water capacity. 
There was no notable vegetation on the measured and modelled soil 
profile and for simplicity we excluded Sa and write the solution for Eq. 
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Where the subscript i is the index for vertical node number increasing 
downward. The soil water pressure head h is obtained from the 
commonly used van Genuchten (1980) equation (Eq. (5)) that is used to 
describe the soil water retention curve (SWRC) by solving for h (Eq. (6)). 




]a (5)  
Where θ (cm3 cm− 3) is the volumetric water content, θs (cm3 cm− 3) is the 
saturated soil volumetric water content θr (cm3 cm− 3) is the residual soil 
volumetric water content, h (cm) is soil water pressure head, α is related 
to the inverse of the air entry suction, α > 0 (cm-1), and b is a dimen-
sionless measure of the pore size distribution, b > 1. The restriction a =



















Fitting parameters (θs, θr, α and b) for the van Genuchten equation 
are obtained from on-site measured data (θ and ψ) by fitting the equa-
tion for SWRC by using non-linear least squares method to find the pa-
rameters for the van Genucthen equation (Eq. (5)) (Fig. 3). 
K as a function of θ used in Eq. (4) is calculated using Eq. (5) and 






















Where K (cm d− 1) is unsaturated hydraulic conductivity, and Ksat (cm 
d− 1) is soil saturated hydraulic conductivity, λ is a dimensionless shape 
parameter which depends on ∂K/∂h and for which a constant λ =0.5 is 





Ksat is calculated with a regression equation (Cosby et al., 1984) 
which requires the input variables percent clay (particle size < 2 μm) 
and percent sand (particle size 50–2000 μm): 
Ksat = 60.96 × 10(− 0.6+0.0126×sa− 0.0064×cl) (9)  
Where cl is soil clay content (%) and sa is soil sand content (%). Clay and 
sand content were obtained from PSD analysis results (cl = 21.60%, sa =
71.93 %). 
The water evaporation from the soil surface layer is calculated using 
Fick’s law. The mass flow of water vapor as diffusion through a laminar 




= Ask(cs − ca) = Askρa(xs − xa) (10)  
Where mw (kg) is the mass of water, As (m2) is the characteristic soil 
surface area, cs (kg m− 3) is the water concentration in air at soil surface, 
ca (kg m− 3) is the water concentration in ambient air, xs (kg kg-1) and xa 
are the absolute humidity of air at soil surface and in ambient air 
respectively. ρa (kg m− 3) is the density of air, and k (m s-1) is vapor mass 
transfer coefficient. xs is known as we measured the temperature at the 
soil surface and the relative humidity of air in the soil pores is generally 
near saturation in every soil and is for simplicity assumed to be 100%. 
Similarly, xa is obtained from AWS measurements of Tair and RH. Water 
vapor evaporates from the soil surface by diffusion through a thin 
laminar boundary layer δ, with a thickness that depends on air velocity. 
We used k instead of δ in the dimensional analysis. The vapor mass 
transfer coefficient from bare soil surface to air ks (m s-1) is obtained 
from: 
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Where Sh is the dimensionless Sherwood’s number, D (m2 s− 1) is the 
diffusion coefficient of water in air, and Ls (m) is the characteristic 
length of the evaporative surface. 
Due to the fundamental similarity between the molecular diffusion of 
heat, mass, and momentum in laminar boundary layers (Monteith and 
Unsworth, 2013) we assumed that the thickness of the laminar layer in 
mass transfer is similar to heat transfer and thus, replaced Sh with 





For the vapor mass transfer coefficient through mulch km (m s− 1) it is 
considered that water vapor is transferred by diffusion through a still air 






The mass transfer coefficient through both the mulch and laminar air 











The molecular diffusivity of vapor in air D is dependent on air tem-







× 2.92 × 10− 5 (15) 
Nu for flat plates in turbulent flow (Re > 2 × 104) is Nuturb =
0.032Re0.8 and Nu for flat plates in laminar flow (Re < 2 × 104) is Nulam 
= 0.644Re1/2Pr1/3, and Pr is the Prandtl number, for which in air applies 
Pr0.33 = 0.89 (Monteith and Unsworth, 2013). Reynold’s number (Re) 
for the surface in consideration (flat plate case) can be calculated as: 
Re =
uLs
ν (16)  
Where u (m s− 1) is the fluid velocity, in this case wind speed and ν (m2 
s− 1) the kinematic viscosity of the fluid. The kinematic viscosity of air at 
27 ◦C is 1.57 × 10-5 m2 s− 1 (Pitts and Sissom, 1977). u was measured at 2 
m height by AWS. For calculation purposes wind speed was extrapolated 










Where u(z) (m s− 1) is the wind speed at the height z (m), and u* is 
friction velocity (m s− 1) that is constant for all heights and used to 
extrapolate wind speed to target height. d is the zero-plane displacement 
parameter (m) and zm is the momentum roughness parameter (m). For 
average range of agricultural crops d = 0.65hw and zm = 0.1hw (Campbell 
and Norman, 1998) where hw (m) is the target height to extrapolate the 
wind to, and zw is the wind measurement height (m). In our calculations 








The model was used to calculate θ for verifying the measurement 
data for bare and mulched soil and further on to predict the effects of δm 
with different thicknesses on θ over time during the two-year period. 
The constants and on-site measured dynamic input variables that were 
used in the calculations of the model are presented in Table 2. 
To assess the root zone mean soil moisture content, the relative soil 





Where θ is the root zone depth averaged volumetric water content and n 
is soil porosity, which at the studied site is 0.43 (Räsänen et al., 2020). 
The depth averaging of soil moisture values was done by giving equal 
weight to each soil layer in the considered effective root zone (0–30 cm). 
This is a typical soil moisture variable in lumped ecohydrological models 
that do not explicitly consider vertical soil moisture layers (Guswa et al., 
2002; Vico and Porporato, 2011). The water stress periods were assessed 
by times when relative soil moisture was below the water stress point of 
maize (s*) i.e. incipient point of plant stomatal closure (Vico and Por-
porato, 2011). For the prevailing conditions s* = 0.28 has been esti-
mated from eddy covariance data in previous studies (Räsänen et al., 
2020). 
2.4. Soil water retention curve fitting 
To obtain the van Genuchten parameters (Table 2) used in the model, 
SWRCs were fitted implementing the Non-linear least squares method. 
On-site measurement data for NoMu1 (θ) and NoMu3 (ψ) were used for 
the fitting. Data of these two measurement profiles were chosen for 
fitting because they were the most representative time series available 
and did not have mulch cover. The drying events considered for 10 cm 
SWRC occurred between 06/12/2016–15/01/2017, 20/04/2017–12/ 
06/2017, 01/11/2017 – 18/12/2017 and 15/12/2017–24/01/2018 
and for the 30 cm SWRC 20/04/2017 – 12/06/2017 and 01/11/2017 – 
18/12/2017. The SWRC for the 10 cm depth was used in the model 
calculations for all depths in the different soil moisture profiles (0–50 
cm) to obtain the van Genuchten parameters. Despite that the fitted 
Table 2 
Constants and parameters used in the model and their values.  
Input constants for soil moisture model Value Source 
Ratio of precipitation entering the soil (γ) 
[dimensionless] 
0.48 Räsänen et al., 2020 
Saturated hydraulic conductivity (Ksat) 
[cm d− 1] 
0.89766 Calculated with 
regression Eq. 
Residual water content (θr) [cm3 cm− 3] 0.07 Parameter fitted in Eq. 
for SWRC 
Saturated water content (θs) [cm3 cm− 3] 0.38 Parameter fitted in Eq. 
for SWRC 
Measure of pore size distribution (a) 
[dimensionless] 
1.5812 Parameter fitted in Eq. 
for SWRC 
Fitting parameter (α) [dimensionless] 0.68 Parameter fitted in Eq. 
for SWRC 
Shape parameter (λ) [dimensionless] 0.5 Kroes and van Dam, 2003 
Clay content (cl) [%] 21.6 PSD analysis 
Sand content (sa) [%] 71.93 PSD analysis 
Roughness length (zm) [m] 0.1hw Campbell and Norman, 
1998 
Zero plane displacement parameter d [m] 0.65hw Campbell and Norman, 
1998 
Wind extrapolation height (hw) [m] 0.01 Estimated 
Kinematic viscosity of air (ν) [m2 s− 1] 1.57 ×
10− 5 
Pitts and Sissom, 1977 
Area of evaporation surface (As) [m] 1  
Length of evaporation surface (Ls) [m] 1  
Mulch thickness (dm) [m] 0.01  
Initial soil moisture values (θ) [cm3 
cm− 3]  
From on-site 
measurement data 
Dynamic input parameter and unit   
Precipitation (P) [mm]   
Wind speed (uz) [m s− 1]   
Soil surface temperature (Ts) [◦C]   
Air temperature (Tair) [◦C]   
Air relative humidity (RH) [%]    
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SWRCs indicate stratification of soil particle size distribution along the 
vertical profile, the sole use of the 10 cm depth is justified as it covers a 
wider range of θ and ψ. Moreover, the larger sample of drying events, 
reduces the uncertainty of having only two drying events thus, providing 
the best available estimate of the SWRC in the prevailing conditions. 
2.5. Statistical analysis 
We evaluated the performance of the soil moisture model by calcu-
lating model performance statistics for each measured depth of each soil 
profile. For all equations in Section 2.5 M are measured values and C are 
calculated values, n is the number of samples and i is the index of sample 
pairs, C and M are the means of calculated and measured data respec-
tively. The following performance statistics were calculated: 



















√ (20)  
which is used to evaluate the similarity of the measured and calculated 
timeseries and their temporal variations. Closely correlated temporal 
patterns have an r value close to 1. In the case of uncorrelated patterns r 
is close to 0. 













is a commonly used measure of the difference between values estimated 
by a model and measured values. A lower value RMSE indicates better 
performance of the model. RMSE = 0 indicates that the model perfectly 
estimates the measured values. Categories for soil moisture sensor 
(model) performance accuracies interpreting RMSE in previous studies 
(Datta et al., 2018; Fares et al., 2011) are given as: Good (RMSE ≤ 0.01 
cm3 cm− 3), fair (0.01 ≤ RMSE ≤ 0.05 cm3 cm− 3), poor (0.05 ≤ RMSE ≤
0.10 cm3 cm− 3), and very poor (RMSE ≤ 0.10 cm3 cm− 3). 
















√ (22)  
which is considered to apply to various constituents, as it incorporates 
the benefits of error index statistics and includes a normalization factor 
(Moriasi et al., 2007). The lower RSR the better as this indicates that the 
model predicts the observed values well. RSR = 0 indicates a perfect 
model fit and, in this case, also RMSE = 0. According to Moriasi et al. 
(2007) 0.00 ≤ RSR ≤ 0.50 indicates very good model fit, 0.50 ≤ RSR ≤
0.60 good model fit, 0.60 ≤ RSR ≤ 0.70 satisfactory model fit and RSR >
0.70 unsatisfactory model fit. The presented categories are given for 
running model calculations with a monthly time-step and the acceptable 
range of RSR would increase in magnitude when using smaller 
time-steps (Moriasi et al., 2007), also being the case in the present study. 
Nash-Sutcliffe model efficiency coefficient (NSE) (Nash and Sutcliffe, 
1970), 









The closer NSE is to 1, the better the calculated values estimate the 
measured values. When NSE = 1, all calculated values perfectly match 
with the measured values. NSE close to zero indicates poor performance 
of the model. NSE < 0 indicates that the calculated values are worse 
than using measured mean. In general model calculations NSE > 0.50 is 
considered satisfactory (Moriasi et al., 2007). 









which indicates if the calculated values are larger or smaller than the 
corresponding measured values and clearly indicates poor model per-
formance (Gupta et al., 1999; Moriasi et al., 2007). PBIAS = 0 indicates 
accurate estimation. PBIAS > 0 indicates over estimation bias and PBIAS 
< 0 underestimation bias (Gupta et al., 1999; Moriasi et al., 2007). 
Fig. 2. Time series over the mulched 100-day period between 
28/02–06/06/2016, showing measured daily mean relative soil 
moistures (s) in the effective root zone (0–30 cm) for Mu, 
NoMu1 and NoMu2 soil profiles on the y-axis, daily total pre-
cipitation (P) on the secondary y-axis (a) and time series re-
siduals between the soil profiles (b). The black solid horizontal 
line (a) is the water stress limit of maize (s* = 0.28). The black 
dashed horizontal line (b) is a guide for the eye and indicates 
zero residual level.   
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3. Results 
3.1. Measured effect of maize residue mulch on soil moisture 
Covering the soil with mulch decreased the drying rate of the soil 
after precipitation events. The effect of mulch was clearly evident after 
the three first precipitation events (Fig. 2a). The total amount of 
measured non-water stressed (s > s*) dates were 24% and 46% higher in 
Mu compared to NoMu1 and NoMu2 respectively. The mulch lasted for 
100 days at the site. The number of non-water stressed dates were 41, 
33, and 28 days during these 100 days for Mu, NoMu1 and NoMu2, 
respectively. The longest periods of consecutive days when measured s >
s* were 32, 29, and 28 days for Mu, NoMu1 and NoMu2 respectively. 
Mulching increased the consecutive days by 10 and 14% compared to 
NoMu1 and NoMu2, respectively. Moisture accumulated in the mulched 
profile especially in the deeper layers of the effective root zone (Fig. A2), 
and may be available for plants in later development phases when the 
plant roots reach for these depths. 
During the first third of the100-day period there was a clear differ-
ence in the behaviour of s between the soil moisture profiles (Fig. 2a). 
The difference levelled out over time as the mulch degraded. Mulching 
increased the peak s after a precipitation period (35.4 mm) that occurred 
between 19–21/03/2016 compared to non-mulched soil profiles, the 
peak measured values of s were 0.392, 0.320, and 0.254 for Mu, NoMu1, 
and NoMu2 respectively. After this 35.4 mm precipitation event 
mulching also prolonged the amount of days when s > s* with 4 days and 
6 days compared to NoMu1 and NoMu2 respectively. Mulching did not 
affect the highest measured peak values for s that occurred during an 
intense precipitation period (142.2 mm) between 01–16/4/2016. The 
highest peak values for measured s were 0.453, 0.460. and 0.468 for Mu, 
NoMu1, and NoMu2 soil profiles respectively. The s residuals from the 
subtractions sMu - sNoMu1 and sMu - sNoMu2 indicated that there was 
generally more moisture in the mulched soil profile than in the non- 
mulched soil profiles throughout the whole 100-day period (Fig. 2b). 
3.2. Evaluation of model performance and soil water retention curves 
The calculated performance statistics (Table 3) for daily time interval 
indicated that the model performed well. Considering RMSE, all depths 
and all profiles were at least in the category of fair performance (0.01 ≤
RMSE ≤ 0.05 cm3 cm− 3) (Datta et al., 2018). The category is, however, 
defined for models that are running with a monthly timestep. The 
acceptable error increases in magnitude when the timestep is decreased 
and thus, it can be postulated that according to the RSME the model 
performed well for all depths and profiles. Similar to RMSE, according to 
RSR, all depths in all profiles showed good model performance (0.00 ≤
RSR ≤ 0.50). 
In general, the model tends to slightly overestimate (PBIAS < 0) soil 
moisture content for all profiles and depths, except for NoMu1 depths 
10–30 cm and NoMu2 50 cm for which the model slightly un-
derestimates soil (PBIAS > 0) moisture content. Mu depth node 50 cm is 
a clear exception, for which the model clearly underestimated the soil 
moisture content. NSE reveals this anomaly similarly (NSE < 0) indi-
cating poor agreement between the measured and calculated soil 
moisture values. The anomaly for Mu 50 cm depth node is suggested to 
be because of a malfunctioning soil sensor. According to Moriasi et al. 
Fig. 3. Soil water retention curves (SWRC) retrieved from on-site measured ψ and θ data for 10 and 30 cm depths. Four drying events were used for the 10 cm-curve 
and two drying events for the 30-cm curve. 
Table 3 
Model performance statistics for the soil profiles at given depths for daily time 
interval the 100-day period. RMSE = Root mean squared error, RSR = RMSE- 
observations standard deviation ratio, NSE = Nash-Sutcliffe model efficiency 
coefficient, PBIAS = Percent bias, r = Pearson’s correlation coefficient.   
Depth (cm) RMSE RSR NSE PBIAS (%) r 
Mu 5 0.019 0.06 0.54 − 5.56 0.91  
10 0.016 0.05 0.68 − 8.91 0.93  
20 0.014 0.04 0.84 − 0.33 0.95  
30 0.019 0.06 0.64 − 11.95 0.97  
50 0.043 0.11 − 1.00 21.78 0.90  
NoMu1 5 0.022 0.07 0.43 − 6.74 0.89  
10 0.011 0.03 0.90 3.59 0.96  
20 0.010 0.03 0.88 2.79 0.95  
30 0.010 0.03 0.91 2.17 0.98  
50 0.008 0.02 0.91 -− 0.26 0.95  
NoMu2 10 0.021 0.07 0.71 − 18.36 0.95  
30 0.019 0.06 0.79 − 6.56 0.93  
50 0.019 0.06 0.78 2.48 0.91  
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(2007) NSE > 0.50 is considered satisfactory model performance. The 
model did not reach satisfactory performance level for the Mu 50 cm 
depth, and the NoMu1 5 cm depth. Taking into account that this accu-
racy level is given for monthly timestep, all but the Mu 50 cm depth 
performed satisfactorily. The calculated Pearson’s correlation co-
efficients revealed that the temporal variations of the calculated soil 
moisture time series correlated strongly with the measured data for all 
profiles and depths (r = 0.89–0.98). 
There was a clear difference between the two SWRC (Fig. 3). The top 
layer (10 cm) holds more water at lower suction levels and the deeper 
layer (30 cm) holds more water at higher suction levels, thus unavailable 
for crops. This is likely caused by particle size distribution in topsoil, due 
to the runoff of the finer soil particle material and eluviation of fine 
material from the topsoil layer to deeper soil layers. 
3.3. Estimated effect of maize residue mulch thickness on soil moisture 
Daily s values were calculated for different mulch thicknesses; 0, 1, 3, 
and 5 cm by altering mulch thickness (δm) in Eq. (13). Increasing δm 
prolonged the drying time of soil after precipitation events (Fig. 4). Total 
Fig. 5. Time series over the two-year period (28/02/2016–26/02/2018) showing consecutive days when daily mean root zone relative soil moisture (s) exceeded the 
water stress limit for maize (s*) for measured and calculated bare soil and different calculated mulch thicknesses (δm). 
Fig. 4. Time series over the two-year period between 28/02/ 
2016–26/02/2018, showing measured bare soil (Measured 
NoMu1) and calculated daily mean root zone relative soil 
moisture (s) for bare soil (Calculated NoMu1) and different 
mulch thicknesses (δm) on y-axis and daily total precipitation 
(P) on the secondary y-axis. The horizontal solid black line (s* 
= 0.28) is the water stress limit of maize. The vertical black 
dashed lines portray 2–4-week dry spells. The numbers indicate 
the duration of the dry spells in days.   
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days when s > s* during the two-year period (730 days) were 80, 83, 
131, 208, and 261 days for measured bare soil, calculated bare soil and 
δm = 1, 3, and 5 cm respectively. These days accumulated around the 
four rainy seasons i.e. growing seasons that occurred during the mea-
surement period (Fig. 4, Fig. A1). However, during the short rains 11/ 
2016–12/2016 the precipitation was sufficient to yield in 0–9 days when 
s > s*. Smaller precipitation events occurred during the dry seasons 
between the rainy seasons were not sufficient to elevate s > s*. 
Compared to measured bare soil, mulching increased total days when s 
> s* with 64%, 160%, and 226% for δm = 1, 3, and 5 cm respectively. 
Compared to calculated bare soil, mulching increased total days when s 
> s* with 58%, 151%, and 214% for δm = 1, 3 and 5 cm respectively. The 
longest consecutive periods when calculated s > s* were 29, 32, 48, 83, 
and 98 days for measured bare soil, calculated bare soil and δm = 1, 3 
and 5 cm respectively and occurred during the long rains season be-
tween 01/03/2016–11/06/2016 (Fig. 5). During longer periods with 
moderate precipitation, water was retained between precipitation 
events and moisture accumulated in the effective root zone for thicker 
δm. The effect is perceptible for example between 01/03/2017–01/05/ 
2017 (Fig. 4). 
Four dry spells (2–4 weeks of consecutive dry days with threshold P 
< 1 mm) occurred during the two-year measurement period. Three of 
the four dry spells occurred during a typical growing season at the farm 
(dashed black lines with 25, 19, and 24 days in Fig. 4). According to our 
calculations mulching (δm > 1 cm) maintained s > s* throughout the 19 
days dry spell between 24/05/2017–11/06/2017. 
4. Discussion 
The present results for soil moisture content measurements indicate 
that mulching with maize residue retains soil moisture in the effective 
root zone compared to bare soil and increased the time when maize 
would not have suffered from water stress (s > s*). Mulching increased 
the total amount of days when measured s > s* by 24% and 46% 
compared to NoMu1 and NoMu2, respectively. Mulching also increased 
the length of longest period of consecutive days when measured s > s* by 
10 and 14% compared with NoMu1 and NoMu2, respectively. Moisture 
accumulated in the mulched profile, especially in the deeper layers of 
the effective root zone, and may be available for plants in later growth 
stages when the plant roots reach these depths. The deviations in 
measured soil moisture content between the different vertical profiles 
were systematic at different depth nodes within the effective root zone 
(Fig. A2), thus it is proposed that the difference was not caused by ab-
solute uncertainty errors from the soil moisture sensors. Soil moisture 
was generally higher in the effective root zone of the mulched profile 
than in the non-mulched soil profiles throughout the whole 100-day 
period (Fig. 2). Mulching the soil did not affect the highest measured 
peak values for s. 
The delayed release of the conserved soil moisture should improve 
the plant water status, and lower soil temperature and decrease soil 
mechanic resistance, which leads to better root growth and higher yields 
(Rathore et al., 1998). Based on these findings mulching before or 
shortly after planting can be recommended. The mulch also lasts longer 
than dry spells observed during the two-year measurement period. 
During critical growth stages, the conserved water may provide a miti-
gation strategy to avoid major yield losses caused by dry spells. In 
semi-arid east Africa 5–15-day dry spells occur seasonally or frequently 
(Barron et al., 2003). Barron et al. (2003) predicted dry spell (> 10 days) 
occurrence at two sites (Machakos District, Kenya and Same District, 
Tanzania) with minimum probability ranging from 20–30%, but prob-
ability of dry spells >10 days during flowering and grain filling of maize 
(60–90 days after planting) ranged between 70–100%, except for very 
early onset at the Same location which had a probability of 40%. Also, in 
semi-arid Kisangara, Tanzania a 30% probability of occurrence for dry 
spells exceeding 14 days for both Long and Short rains has been reported 
(Mahoo et al., 1999) for semi-arid Kibwezi, Kenya there has been 
reported 85% and 30% probabilities that the longest dry spell exceeds 
10 days for long- and short rains respectively (Sharma, 1996). 
Our findings on increased soil moisture in the soil profile below 
mulch are in line with other reported results. In semi-arid Mbeere, Kenya 
mulching with maize plant residue increased the amount of soil water 
stored in the 0–25 cm soil depth compared to non-mulched plots 
(Gicheru et al., 2004). Also, in different climatic conditions similar re-
sults have been observed. In Prince Edward Islands barley (Hordeum 
vulgare L.) straw mulching caused a significant increase in soil moisture, 
which was on average 6% higher than it was for the non-mulched 
control plots during three trial years (Edwards et al., 2000). In the 
dryland farming area of northwest China throughout the whole growing 
periods of a three-year experiment, the average soil water content below 
wheat (Triticum aestivum L. emend. Thell.) straw mulch in 0–200 cm soil 
layer increased by 0.7–22.5% compared with non-mulched control 
plots, and soil water storage was persistently higher in nearly all of the 
winter wheat growth stages (Peng et al., 2015). 
Loose bulk density of maize residue is typically around 50 kg m-3 
(Chevanan et al., 2010; Zhou et al., 2008), thus, δm used in our calcu-
lations correspond to evenly spread mulching rates of 5, 15 and 25 t ha-1 
for δm = 1, 3, and 5 cm respectively. According to our observations and 
calculations mulching with δm = 1 cm clearly improves the soil moisture 
conditions in the effective root zone compared to uncovered soil. 
However, increasing δm from 1 to 3 cm increased the total days when s >
s* 59%, and the longest consecutive period when s > s* with 73%. 
Furthermore, increasing δm from 3 to 5 cm resulted in 25% and 18% 
increase in total days when s > s* and longest consecutive days when s >
s* during the two-year period respectively. Also, according to our cal-
culations mulching (δm > 1 cm) maintained s > s* throughout the 19-day 
dry spell that occurred between 24/05/2017–11/06/2017. In prevailing 
conditions at the studied site in Maktau, the maize residue needed for δm 
= 3–5 cm would require collection and transport of maize residue from 
other fields as the residue yields do not generally reach 15–25 t ha-1. 
Caution should be taken when transporting plant residue, as pathogens 
may be transported with the plant residue. However, δm = 1 cm does not 
benefit soil moisture conditions in the effective root zone as much as δm 
= 3–5 cm (Figs. 4 and 5). An option for effective use of crop residue for 
mulching could be applying the ridge-furrow planting method (Gan 
et al., 2013) with furrow planting between the ridges and applying a 
thick layer (δm > 1 cm) of mulch in the furrows. Also, the ridges would 
keep the plant residue mulch in position, so it would not spread and 
level, which would thin the mulch layer. 
The present study did not quantify how the measured or calculated 
soil moisture increase would ultimately affect the crop yield. Previous 
studies on mulching conducted at semi-arid African farms have reported 
yield increases as result of mulch treatments. In Machanga, Mbeere south, 
Kenya semi-arid climate and in In Kigogo, Meru-south, Kenya, sub-humid 
climate mulching rate of 5 t ha-1 increased maize grain yield by 75% and 
5% compared with non-mulched control plots (Okeyo et al., 2014). Kiboi 
et al. (2017) reported that in Mbeere south, during four consecutive 
growing seasons (2011–2013) mulch increased the maize grain yields up 
to 33% compared to non-mulched control plots, and in Meru South, 
Kenya during three consecutive growing seasons (2011–2012) 5 t ha-1 
mulch treatment increased maize grain yields by 41–52% compared to 
non-mulched control plots. At the humid coastal region of south eastern 
Nigeria, maize grain yields obtained at 6 or 8 t ha-1 mulching rates were 
more than double compared to non-mulched control plots during dry 
season cropping (Uwah and Iwo, 2011). Also, in the drylands of north 
west China, winter wheat yields were reported to have increased by 
13.3–23.0% as a result of mulching (Peng et al., 2015). 
Even though maize residue mulch conserves soil moisture and is 
locally available, it may be difficult to establish and maintain on the 
field in the studied conditions due to termite (Macrotermes genus) 
infestation of the mulch (Mando et al., 1996; Ngetich et al., 2014a). 
However, mulch infestation by termites, is not solely disadvantageous, 
as stimulated termite activity may be beneficial for rehabilitation of soil 
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physical properties, especially on crust prone soils (Mando and Mie-
dema, 1997). Termite activity has been found to increase infiltration, 
water storing capacity, and storage of carbon (Ouédraogo et al., 2007). 
Nevertheless, the plant residue has also several other uses. According to 
a household survey of 317 households in 15 villages in western Kenya 
47% of maize residues are left on the fields as organic fertilizer 
(Berazneva, 2013) and could be used as mulch. Of the remaining 53%, 
25% is used as livestock feed, 22% is used as kitchen fuel, and the 
remaining 6% is allocated to others uses, such as left on the field to be 
eaten by livestock and wildlife, used as building materials, or burned on 
the field (Berazneva, 2013). In long term experiments (seventeen 
consecutive seasons) on small plots managed manually, residue removal 
has not caused drastic yield reductions or decreasing yield trends over 
time and it was considered therefore feasible to remove at least some 
residue occasionally for alternative uses (Lal, 1995), as in any case, some 
of the plant waste leaves the field through non-productive pathways. 
However, it is stated that intensive management with two crops per year 
requires that soil erosion is controlled, crop residues are returned to the 
soil as mulch, fertilizers are applied to replace the harvested nutrients, 
the risk of compaction is minimized, and improved cropping systems are 
adopted to produce large quantities of biomass, so that crop residue is 
available as mulch (Lal, 1995). 
Mulching not only improves growing conditions instantly by 
retaining soil moisture but also soil conditions in long term repetitive 
use. In long term use, mulch rates, even as low as 2 t ha-1 year-1 have led 
to clear increases in soil porosity (Mulumba and Lal, 2008). Optimum 
long-term mulching rate for increasing soil porosity and water holding 
capacity have been found to be 4 t ha-1 year-1 and 8 t ha-1 year-1 
respectively (Mulumba and Lal, 2008). Whole period (growth period 
and fallow) mulch treatments have shown greater improvements than 
sole growth period mulch treatments, particularly high (6 t ha-1 and 9 t 
ha-1) mulching rate treatments (Peng et al., 2015). Peng et al. (2015) 
concluded that the mulching rate of 6 t ha-1 was most effective treatment 
in the dryland farming area of northwest China due to the availability of 
wheat straw. Also Uwah and Iwo (2011) concluded 6 t ha-1 to be opti-
mum mulching rate for maize for dry season cropping in the humid 
costal region of Nigeria. However, caution should be taken with long 
term mulching as a plant residue mulch layer often results in wetter and 
cooler conditions at soil surface than on bare soil. Although reduced 
temperature does not directly limit crop growth, in hot semi-arid con-
ditions the decreased temperature may favour the increase in plant 
pathogens (Cook and Haglund, 1991; Kumar and Goh, 1999; Manstretta 
and Rossi, 2015; Smiley et al., 1996). 
The simple soil moisture model was able to estimate measured soil 
moistures contents in the considered effective root zone of maize over at 
least one rainy season or 100 days. The model estimates soil moisture 
accurately within the depths of 10–50 cm (Table 3), according to ac-
curacy categories stated for hydrological models (Datta et al., 2018; 
Fares et al., 2011; Moriasi et al., 2007). The 50 cm depth node for Mu 
was clearly an exception. The 50 cm depth node for Mu deviates sys-
tematically from 50 cm depth nodes of NoMu1 and NoMu2. Especially, 
the systematic deviance in the more certain end of measurement range i. 
e. wet soil question the proper functioning of the sensor (Fig. A4). 
Considering that the measurements were performed within a radius of 
two meters and there was no significant slope in the area the deviation 
was likely caused by a malfunctioning sensor. Over time the difference 
in behaviour of s between the measured and calculated results for the 
mulched soil profile, was due to the gradual degradation of the mulch. 
The model calculations assume that the mulch was of same thickness 
throughout the whole period as if plant residue would be added 
continuously during the modelled period. In reality, this is not the case, 
but the assumption was made due to lack of precise knowledge on the 
change of mulch properties i.e. degradation over time and to keep the 
calculation simple. Still, based on our findings the present model was 
able to predict soil moisture characteristics both in uncovered soil and in 
mulched soil (Table 3). 
We excluded the 50 cm depth node from the assessed effective root 
zone, so the uncertainty for Mu 50 cm depth (Table 3) does not affect the 
results. The exclusion of the 50 cm depth node is justified with our 
assumption that 0–30 cm is the effective root zone of maize in the pre-
vailing conditions. Jackson et al. (1996) estimated that 30 cm root zone 
depth contains 57 % of the root biomass for tropical grassland savannas. 
Nyakudya and Stroosnijder (2014) reported the measured effective 
rooting depth of 33 cm and a maximum effective rooting depth ranging 
from 27 to 40 cm for maize on sandy clay loam soils in semi-arid 
Zimbabwe. On another Zimbabwean sandy clay loam site, maize root 
Fig. A1. Time series for weather conditions over the two-year measurement period between 28/02/2016–26/02/2018, showing daily average temperature (Tair) and 
air relative humidity RH) on the y-axis (a) and daily reference evapotranspiration (ET0) on the y-axis and total precipitation (P) on the secondary y-axis (b). ET0 is 
calculated (Allen et al., 1998) using the weather station data. 
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length densities were determined by Chikowo et al. (2003) using the line 
intercept method (Newman, 1966). Root length densities 8 weeks after 
emergence at 0–20 cm were 0.606–0.740 cm cm− 3 and for other depths 
root length densities were 0.111–0.328 cm cm− 3, 0.07 – 0.160 cm cm− 3 
and < 0.1 cm cm-3 for 20–40 cm, 40–60 cm and >60 cm, respectively 
(Chikowo et al., 2003). Our visual observations on rooting depths at the 
study site also confirm these findings on the effective root zone depth. 
The measured mulch layer during 100 days was relatively thin and 
the P interception is assumed to be small. Maize straw mulch may cause 
some P interception loss that increase proportionally with mulch 
thickness (Cook et al., 2006). At lighter precipitation events the effect is 
perceptible, when water evaporates from the mulch layer before it 
reaches the soil and infiltrates into the soil matrix. This was perceptible 
from the measurement data in the beginning of the measurement period 
as sharper and higher s spikes at 5 and 10 cm depth nodes of the NoMu1 
profile (Fig. 2). However, at heavier or repeated precipitation events the 
interception loss caused by the mulch were negligible compared to the 
soil moisture retention and accumulation beneath the mulch. 
5. Conclusions 
By comparing measurement data from mulched and uncovered soil 
and by model calculations, it was demonstrated that maize residue 
mulch conserved soil moisture over time in the effective root zone 
Fig. A2. Measured θ for the Mulch (a) and No mulch (b) soil profiles at 5, 10, 20, 30, and 50 cm depth nodes and daily precipitation (P) for the 100-day mulched 
period between 28/02/2016–06/06/2016. 
Fig. A3. Calculated θ for the Mulch (a) and No mulch (b) soil profiles at 5, 10, 20, 30, and 50 cm depth nodes and daily precipitation (P) for the 100-day mulched 
period between 28/02/2016–06/06/2016. 
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compared to bare soil. Therefore, maize residue mulching is suggested as 
an accessible and feasible method for conserving soil moisture in the 
effective root zone in semi-arid smallholder systems in East Africa. The 
moisture conserving effect increases with mulch thickness, but avail-
ability of plant residue may set limits on mulch application rates. Based 
on this study a simple soil moisture model can characterize the behav-
iour of maize mulch effect on the measured soil moisture. Further 
research is needed to quantify how much plant residue is typically 
available for mulching and how mulching affects crop yields on-site. 
Also, further research on optimization of the mulch layer thickness, 
timing of mulch application in relation to precipitation variability and 
on the planting method e.g. the ridge-furrow would help to find the most 
effective ways to make most use of the available resources to conserve 
soil moisture. 
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Appendix A  
See Fig. A3  
See Fig. A5  
Fig. A4. Depth wise measured θ for the different soil profiles and daily precipitation (P) during the two-year period between 28/02/2016–26/02/2018.  
J. Tuure et al.                                                                                                                                                                                                                                    
Soil & Tillage Research 209 (2021) 104945
13
Fig. A5. Depth wise calculated θ for the different soil profiles and daily precipitation (P) during the two-year period between 28/02/2016–26/02/2018.  
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